
115K EFECT OF ICUEWSEP ShUhI 1/ThfINNhh U ECTROICSI UMEMKFENM IRL INST
OJ~LSF ENI1 A NDICIK DOMSIIEW (0.

UNMSSIID 0KLLET L A "DCIEN---33 FI61



oh



1.02-8 2-5I~

flfl 25 1* 4 1II 16



The Effect of Concurrent Strength and Endurance
Training on Electromechanical Delay, Maximum

Voluntaty Contraction, and Rate of Force Development



August 1989 DCIEM No. 88-RR-33

The Ef feci of Concurrent Strength and Endurance
Training on Electromechanical Delay, Maximum

Voluntary Contr-action, and Rate of Force Development

D.G. BellA
1. Jacobs
D.G. Sale*
J.D. MacDougall*-

*Departments of Physical Education and Medicine
McMaster University. Hamilton
Ontario, L8S 41(1

Defence an(I Civil Institute of Environmental Medicine
1133 Sheppard Avenue West, P.O. Box 2000,
Downsview, Ontario M3M 3139

DEPARTMENT OF NATIONAL DEFENCE - CANADA

:'uv~j

t,. :1 to



-2-

Abstract

This sludy compared fhe effect of strength and endurance training and their combination on

electromechanical delays (EMD), rate of force development (RFD) and maxinuni voluntary imometr;c

contraction force (MVC) of the knee extensors in male and female subjects. The seven male and six

female subjects \were separated into a strength trained group (SG), 3 males and 3 females, ano an

endurance group (EG), 4 males and 3 females. The SG pcrfonned strength training solely with one leg

and combined strength and endurance training with the other leg. The EG performed endurance

training solely in one leg and combined strength and endurance training in the other leg. Strength

training consisted of one legged work on a leg press weight machine. Endurance training consisted of

one legged cycling on a cycle ergometer. EMD values were derived from clectromyographic activity

(EMG) recorded from the astus iateralis muscle during MVC. MVC responses were made to a light

stimtlus and were perfomed with each leg, pre, mid and post training. MVC force was measured with

a force transducer. Rate of force development (RFD) was delemined from the MVCItime curves using

computer software. The EMG, MVC/time curves and light signal data were simultaneously recorded on

FM tape and later sampled at 2kHz and stored digitally. The results showed that EMD was

significantly reduced only in the SG females. This change had occurred by mid etvmwiiA Post

training data showed that the EMD values for the SG females had increased and were not different

from initial levels. EMD times for tile males were significantly shorter than the females. MVC for

females significantly increased (approximately 40%) and were similar in both legs. The MVC of the

males in EG showed significant and similar increases in both legs (approximately 20%). The MVC of

the nialcs in the SG showed no signilicant gains in either leg. Males were significantly stronger than

* femalcs. Training did not increase RFD and RFD was greater in the males than the females. The data

suggest that tie iiicreasc i t NIVC that occurred with training in this sludy was Iot rlted to shorter

EMID times.

Key \%ords: Sirength and cmmhiramncc training, electromechanical delay, MVC, RF)
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Introduction

Grabiner (1996) states that "every skeletal niuscle contraction is preceded by an isometric phase

refened to as the molor reaction time or electromechanical delay (EMD)". Ite further states that this

EMD is defined as the clapsed time flum muscle depolarization to onset of muscle force gcneration,

and it is composed of chemical, electrical and mechanical events. The chemical and electrical events

include the depolarization of the involved muscle fibers, the propagation of the action potential and the

excitation-contraction coupling process. The mechanical events consist of the acti'e generation of

tension bctwcen the actin and niosin molecules, and the stretching of tile elastic components associated

with the shortening of the sarcomcres which leads to limb movement or increased tension (Grabiner,

1988). The time required for the mechanical events represents the major portion of the delay

(Cavanagh and Komi, 1979; Grabiner, 1986). It has been shown that faster contractions produce shorter

EMDs (Nonian and Komi, 1979); that the EMD is shorter in males than fenales perforning maximal

voluntary isometric contractions (Bell and Jacobs, 196); and that EMD tends to be shorter in stronger

individuals than weaker individuals (Bell and Jacobs, 1986). Bell and Jacobs (1986) suggested that the

shorter EMD during the maximal isometric contraction in males may be attributed to their greater

strength and muscle mass. If shorter EMD is associated with greater strength and muscle mass then the

question arises whlether trainiing which causes increases in strength and muscle mass also causes

shorlening of EMD. To test this hypothesis, measures of isometric strength, rate of force development

and EMD were made before, mid and after 22 weeks of strength, endurance and combined strength and

endurance training.

'Tis paper describes one part of a multidiscipinary study which exaimed the interaction

between concurrent strength and endurance training (Sale, 1987).

Method

Subjects:

Thirteen voting healthy males and females vol'::iteered for this study. Written informed

consenit was obtained from all suilcct,;. None of the subjects had previotly undergone any
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extensive resistance or endurance training.

Groups:

The subjects were placed into two groups. One, a strength trained group (SG), 3 males andi 3

females, performed strength training solely with one leg and combined endurance and strength

training with the other leg. The second group was an cndurancc trained group (EG), 4 males

and 3 females, which performed endurance training solely with one leg and combined strength

and endurance training with the other. Physical characteristics of the groups are shown in

Table 1.

Training:

The training exercise involved hip and knee extension and plantar flexion. The muscles were

strength trained by performing unilateral leg presses on a weight stack leg press machine

(Global Gym Inc., Downsview, Ontario). Six sets of 15-20 repetitions per training session

were perforned. The weight was progressively increased so that the last 2-3 sets were done to

concentric contraction failure. Rest periods of 2 minutes intervened between sets. Endurance

training consisted of five 3 minute bouts of unilateral cycle exercise perforned at 90-100%

unilateral cycle exercise )OMmax. Three minute rest periods intervened between bouts.

Training was performed 3 times per week for 6 months with a 3 week break mid training.

This 3 week break occurred over the Christmas holidays when the subjects went home and

* training schedules could not be controlled. VO2Mniax was measured for each leg separately and

for both legs together. The test was performed on an electronically braked cycle ergometer

using a standard continuous, progressive loading protocol. An open circuit computerized gas

* analysis system measured and displayed the heart rate, yIE,VO),VCO,, and RER every 20

second s.

Procedures:

Th11c subjects were familiarized with training procedures a week prior to electromyographic

muscle activity (EMG), maximunt voluntary unilateral isometric contractioin (MVC) and rate of
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f)rce development (RFD) measures. Muscle biopsies were obtained from the vastus lateralis

of each leg pre, mid and post training and tie data are docuLniented elsewhere (Sale et al.,

unpublished results). During EMG and MVC testing tie subjects were seated in a strength

testing apparatus. An electromyography transducer was strapped over the week old incision

scar on the vastus lateralis where the muscle biopsy had been taken. The silver-silver/chloride

electrodes (bandwidth 1OHz-lkHz) were fixed in their rubber moulding at a distance of 3.5 cm

trom center to center, tie diameter of each electrode being 1cm. The subjects perforned 3

maximum MVC of the knee extensors against a strap which was attached to a force transducer.

Contractions lasted no longer than 2 seconds. The analysis used the two most consistent and

stron,,est contractions. The subjects contracted the muscles as quickly and strongly as possible

after seeing a light stimulus. 'I'his would enSuc that the shortest EMD would be produced.

The MVCs were perforned with the angle at the knee being maintained at approximately 110*.

Two to three submaximal contractions were perfonned prior to the MVC. One minute rest

intervals intervened between successive MVCs. The measurement of EMG, MVC and RFD

were made pre, mid and post training.

Measurements:

An clectromyography transducer, hybrid amplifier, and filter (Ampel model MV 91 10-EMG)

captured tie EMG signal. This system then amplified the signal 1000 times. The signal was

then full wave rectified and stored on FM Tape (HP model no. 3968A) at a speed of 31/4

inches per second. A strain gauge (Lebow model no. 3169) measured the force exerted by the

subject. The signal from the frce transducer was also recorded on FM tape along with the

light stimulus signal. The tape was then taken back to the I)CIEM laboratory. The light

stimulus from the FM tape was then used to trigger the digital transient wave forn recorders

(Data Lab nodel no. D1,2400), which sampled the EMG and force signals from the tape at

2000 samples per second. (nputer software developed for the system determined the onset

of MG activity, the onset of force generation, the rate of force development (RFD) , the

maxiual force gencrated as describe previously (Bell and Jacobs, 1986). The onset of EMG



-6-

ctivity was defined as the point where rectified EMG continually exceeded the standardized

EMG base line level. This level was produced as a result of applying a steady 49 newton

force against the ankle strap before commencement of an MNC. The onset of force generation

was defined as the first sample to exceed the standardized baseline force of 49N by 5N

(Viitasalo et al., 1980). After the initial data reduction on the Deck 11/34 associated with the

digital transient recorders, the data were transferred to a Vax 1U/750 computer for statistical

analysis.

Treatment of Data:

The data for each training group were analyzed separately with a 3 way analysis of variance

design using BMDP software (Dixon, 1981). The design was as follows. For the strength

grouping there were three independent variables, sex (male & female), training (strength trained

& combined strength and endurance trained), and time (pre, mid and post). At each time

period, 2 of the 3 measures on each leg were kept for the analysis. Thus making 6

measurements per cell i.e. 3 legs x 2 trials. The design for the endurance group was similar

except that there were 4 legs in the male cell and 3 in the female cell. Where necessary a

Duncan multiple range post-hoc test was used to deteniine differences among means.

Results

EMD

The analysis of variance of EMD for the SG showed that male EMD values were significantly

shorter than their female counterparts (p=.012), EMD was the same in either leg regardless of

the method of training (p=.60 9 ) and training appeared to have no effect on EMD (p=. 224 ).

There was, however, a training by sex interaction (p=.011). A post hoc analysis of this

interaction revealed that the male EMD values were similar across trials while the mid values

for the females were significantly shorter than pre values (p<.05).

The analysis of variance for EMD for the EG showed that male EMD values were again

shorter than female values (p=.039), EMD was the same in either leg regardless of the method

0
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of training (p=.7 94 ) and training had no effect on EMD (p=.125). Figure 1 shows tie EMD

mean values of the SG and EG after pooling the data for both legs.

NIVC

The analysis of variance for the SG showed that the males were significantly stronger

than the females (p=.0004), that strength may have improved with training (p=.051) and that

similar changes occurred in both legs regardless of the method of training (p=.915). A post

hoc analy,;is of the training duration and sex factors revealed that only the MVC for the

females increased significantly over time and this change occurred after 22 weeks of training.

The analysis of variance for the MVC for the EG showed the males were significantly

stronger than the females (p=.0004), MVC significantly increased with training (p=.0004) and

similar changes occurred in both legs regardless of the method of training (p=. 54 7). A post

hoc analysis of the time and sex factors revealed that the MVC for the males in the Endurance

group significantly increased after 22 weeks of training. The MVC of the females of this

group significantly increased after 11 weeks of training and showed no further significant

increases post training.

Figure 2 shows the means of the MVC of the SG and the EG group after pooling the

data for both legs.

RFD

The analysis of variance of RFD for the SG revealed that the RFD from 25-50% and

50-75% MVC for the males was significantly greater than the values for the females, p=.0004

and p=.0004 respectively; that RFD was the same in either leg regardless of the method of

* training. p=.72 6 and p=.660 respectively; and training did not increase RFD, p=.863 and

p=.733 respectively. rhe analysis of variance for RFD from 75-100% MVC showed that the

RFD values for the males and females were similar, p=.109, that RFD was the same in either

leg regardless ot the type of training, p-.773, and training had no effect on RFD, p--.065. hlie

I ,:I) fo r tile nmales and the fennales pie mid and post training in the SG fron 25-50%, 50-75%



and 75-100% MVC arc given in Table 2 after pooling the data foi both legs.

The analyis of variance of RFD for the EG revealed that the RFD from 25-50% and 50-

75% MVC for the males was significantly greater than the values for the females, p=.03 3 and

p=. 0 00 2 respectively; that the RFD was the same in either leg regardless of the method of

training, p=.994 and p=.8 69 respectively; that training did not increase RFD from 25-50%

MVC. p-.9 82 , but RFD did increase from 50-75% MVC p=.037 but only in the males. The

analysis of variance of RFD from 75-100% MVC showed that the RFD for the males and

females were similar, p=.2 87; that the method of training had no effect on RFD, p=.177, and

training did not effect the RFD p=.801. The RFD for the males and the females pre, mid and

post training in the EG from 25-50%, 50-75% and 75-100% MVC are given in Table 3, after

pooling the data of both legs for the training methods.

Discussion

EMD

It was anticipated that EMD would decrease if MVC and/or muscle mass increased with

training. In the present report, training appeared to have little effect on EMD despite a

significant increase in MVC which occurred in this study and muscle mass documented

elsewhere by Sale et al. (unpublished results) in both the SG and EG seen post training. The

results suggest that the observed sex difference in EMD may not be simply related to increased

MVC or d'iferences in muscle mass.

EMD has been shown to be muscle fiber dependent (Brodiy, 1976; Grabiner, 1986;

Nonnan and Komi, 1979) and related to the RFD (Komi, 1984; Viitasalo and Komi, 1981).

EMD was associated with RFD in this study producing moderate but significant (p<.05)

correlations of -0.431 and -0.445 for RFD between 25-50 and 50-75% MVC. Komi (1984)

has suggested that the lower RFD he observed in females compared to males may be a result

of structural diffcicnces in the muSscle's elastic tissue. It is tempting to speculate that if such

differences exist it could be reflected in the different EMD values between males and females



found in this and the study of Bell and Jacobs (1986). ]hi both studies the fcnalCs had hOwcr

RFDlYs than the males.

Belanger and McComas i I ) have shown tmat during NMVC inanoeuvres some

individuals cannot completely activate all the available otator inits. An inalbility to recruit the

av'ailable units would not only decrease iiiaxiiMii1ii torce but also result in a longer [Ml)

provided it was the fast twitch units that are left unrecruited (Viitasalo and Komi, 1981). It is

possible that a neural component as suggested by Moritani and l)e Vries (1979) may be

responsible for the initial strength gains in MVC observed mid training in the SG females, and

that the neural component may also be resposible for the reduced EMD. 'Ilie females may

have 'learned' to recriit and synchronize the firing of the fast twitch motor units. Thus

producing an increased MVC and smaller EMD without an increase in muscle mass. With the

continuation of training, MVC increased signiticantly and muscle hypertrophy occurred. EMID,

however, was not reduced further, nor was it maintained. It return towards pre training levels.

Thus it may be the neural component of strength, ic motor unit recruitment and

synchronization, which affects EMD and not the increased MVC and/or muscle mass as

initially proposed. Such a hypothesis might help to explain the results of the SG male

* subjects. They did not experience the same magnitude of change in MVC and ENID mid

training as did the females. This suggests that the males' ability to recniit and synchronize

motor unit firing of the fast twitch fibers had been developed previously. Milner-Brown et a.

* (1975) have shown that synchronization of motor units is associated with specific neural

pathways and appears to be training related. Inl addition synchroniiation is more prominent in

the fast twitch fibers (Milner-Brown et al., 1975). Better recruitment and synchronization of

• the motor units by the males may be the reason for the observed differences in [MID between

mnales and females and this mechanism could be an alternative to the structural differences in

mutscle elasticity suggested by IKomi (1984).

All groups showed signif icant iiurovellets in NIV( when strength trainingt.1! occuird
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separately or in comib inaion w ilti endlraince training. except for tile SG; ifales. Thew lack of

improvemnt in NIV\C for thle muales anld tile delayed imiprovemient( seen for (lie f,01ule1s of rthe

Si IlaV be a result oit their r- lativelv hlidh initial strengthi level (see Fii-ure 2). 11wi itiales arnd

femlales of thle SGi were r-espective ly I9 and 2 strong~er thanl thle males and tile Ieiiiales of'

(fie FLG. A further anlalysis of thie initial NI VC values showed the SG to be s jenificaritlY

stroinLer p- .001) than the F( and it is well known that when less Mlit iiididals begin str-en !tli

training improvements occur earl ier and are uIsually gr-eater ( lakkimen, 1 985, 1 lakkinen and

Kom uti, 1 9,M). Thle delay in strenth uImprovement may, therefore. be partial ly attributed to

initial strength levelIs.

Another possible confouinding factor accounting for thle lack of improvement inI the SG

mnales mlay be thle methilod of testing employed for measuring streng~th increases. Thie subjects

trained dy~namically on a leg! press training apparatus but wer-e tested isonietrically for NIV\C.

Dolls et al. ( 1979) have pointed to similar findings where isometric NIV\C has not unproved III

Spite of dynamic strength improvements of the same muscle group when training was

perfirIed dyn anmically . 'ft is points to a specific ity ot trainingz factor which inl conjuinct ionl

wvith the initial ly h igher NIVC of thle SG1 males, may accounts I or the lack of s igni ficant

hncreasje.

There may also be another contributing factor to the retardled or delayed imfprovemlenits inl

the SG1. After thle initial I I weeks of tra iningz no sig~nificant increases had occurred in either

the males; or thle females of tltis group. U. sual ly in strength taininz studies of siniilar dur11ationl

strength is increased and thle :.,,ctases are attributted it) oht neural factors (1 akkimenl and

l\onii, 1981 Houl~tsto n et al. 11)~8-3: Jacobs and Abramav ic ius, 1985; Nioritanli and I )eIries.

1979) and muuscle hvpertropmy (1lakkimien and Komiti, 1981: 1 uthi et al].. 1986; Nloritani and

fleVries. 1 979. Fluirstenssi n et alI., 191)6). 1 lick son ( 1980), however. umsingZ a twoC igro Ci wCdel

"l elI that coclurreuit stren !tlih aind enidurance trallini impedes strength gin,11s at the upper

lc~c (i qln ,tl Il tle peset mdelwe -1a e11\ comtplicated things; even

furthier bc e\\C d Cid IN f'iniuimIallv1 separated thle neural drive to theles ('Cincident w\ith



this we did not sec thle streng th imnproivement HIickson (1980)) dIld over file fir \ II eek

tra ininc-. Moreovwer, if the responses to tra ining of the sexes inl the SG1 are coim pared it)Ii

responses of the corrc spoiid in se xs inl the E-G improvements inl strengthi are del ayed ()I

retarded tor thle SG1. Inl additin tile unpublishedI results of Sale et al. for the present ,uhjke(Al

show\ed that tile SG increases inl muscle mass were smaller than the FG, 12' ; \,. 17'"

respectively. The11se facts tend to suggest that perhalps a more severe iIllp~aiflleilt I K\'irs inl thle

present IIodlCI that the neural respones ol combined training and strength tiaining miav he

interfering, with each other and thuIs hampering cellular adaptation. McDonagh and D avies

1984) tend to support this conjecture by stating that 'in order to produce fiber hyperiiropiry

neural inmpulse traffic must be preserved'.

The percent change in MIVC found in this study ranged from 6.4% to 20.2% for thle SOi

and EG miales, respectively, and from 37.7%/ to 57.1% for the SG and EG Ifemlales.

respectively. Thecse chianges are similiar to other training studies reorted inl thle literature

(Gettnian et al., 1 980; 1 lakkinen and Komi, 1983; Komii, 1986-, Luthi et al., 1986; Mortani amd

Dek'ries. 191979: 'Morstensson et al., 1976).

RFD

40 RED did not increase with training in this study, except for the EG miales and this increase was

only for the 50-75%1 post training. Thei lack of change in RED should have been) expected

based on previous studies which have shown that different types of strength trainingo aff-ect

* RED differently (Hakkineni et al., 1986; Hakkinen et al., 1985; flakkinen et al., 1984: Vii tasalo

and lKonii, 1978). 1 lakkinenl et al. (1985) have shown that explosive strength training \\Ill

increase RFD. 'Ilie same authors have also shown that the RFD inl weight-trained itdi idUals

* is less than the RFD inl wrestlers or body builders and attributes the difference to the type of

training I Hakkineni et al., 1984). Thus, it appears that specificity of training plays anl important

role inl ED cains.

6 Thie lack of change inl R!) with training as seen in this study may also be a tLitil r

accout incm for the lack oft 'lianc in I1:1\l1) values as both Bell and Jacobs I 1()S6 and Viitasalt(
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and Komi (1981) and Komi (1984) have shown associations between RFD and EMD.

Conclusion

As this was a smaller side project connected with a main study (Sale, 1987), the model used

complicates the interpretation of the data. It appears that one can not completely isolate the the

neural. metabolic and perhaps the hornonal effect of training to a particular leg. Except for

the strength trained males who showed no increase in isometric MVC post training, all other

leg groups showed increases in strength and shorter EMDs after the initial 11 weeks. The

EMD changes, however, were only significant for the SG females. The EMD changes also

tended to precede strength increases, however, these changes were not increased or even

maintained after a further 11 weeks of training. This suggested that the EMD change seen mid

training may be more neurally related rather than related to increased strength and muscle mass

as initially hypothesised. It is also suggested that the ability to recruit and synchronize the fast

twitch fibers may be the mechanism behind the shorter EMDs found in males.

The present results confirm the sex difference in EMD reported earlier by Bell and Jacobs

(1986).

The results also indicate that dynamic strength training caused a significant improvement in

isometric MVC, and that in general RFD (lid not change with training.
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Figure 1: A coniparison of the eleictro-niechanical delay pre, inid and post strength and

endurance training.
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Figure 2: A comparison of the maximum voluntary isometric contraction of the knee extensors

pre, mid and post strength and endurance training.
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Table 1. Group Physical Characteristics

St renvgll Grotup Liduraiicu Group

'Males Females Males Females

Age 21.3 20.3 20.3 21.3

*(3yrs) ±2.3 ±0.6 ±0.5 ±1.2

Heighit 179.5 160.9 171.7 161.7

(C (cm) ±7.8 ±9.6 ±6.3 ±1.5

Weighit 777 54.5 71.0 54.3

*(kg) ±6.8 ±2.5 ±6.2 ±2.6

n 3 3 4 3

Values are mean ±standard deviation.



Table 2.

Rate of Force Development between 25-50, 50-75, and 75-100%7

of an Isometric MVC of the Knee extensors Strength Group

i-e mnid p)ost

male11S felilaks I 1111es fema'les male11s felinakIS

1:1FI1)

25-50'- -1.31 2.03* :3. 96C 2.06* 3.93 2.39*

(N.nis) ±1.60 ±1.18 ±1.00 ±1.00 ±0.90 ±0.99

50-75%- 2.71 1.65* 2.70 1.56* 2.81 1.80*

(Nrs) ±0.60 ±0.95 ±0.71 ±0.77 ±0-10 ±0.69

7100%- 0.90 0.61 0.8S 0.50 0.39 0.45

(N.iiis) ±0.76 ±0.5 1 ±0.50 ±0.33 ±0.25 ±0.26

* 11ale an fe mi'ales ar1e significantly cifilerent itp 1<.5

Valuies ai-e mea.ns ± standard deviation.



Table 3.

Rate of Force Development between 25-50, 50-75, and 75-100%

of an Isometric NIVG of the Knee extensors for Endurance Group

pre lli(I p)ost

In ale., females mnales femnales miales femiales

R F
25-50(% 3.03 2.68* 3.21 2..18* 3.20 2.60*

(NX.rns ±1.03 ±1.17 ±1.12 ±1.40 ±0.7.1 ±1.35

50-7,5% L1.1 1.* 2.09 1.51* 2.32t 1.76*

(N. ms) ±0.60 ±0.57 ±0.67 ±0.63 ±0.38 ±0.57

75-100%- 0.70 0.16 0.70 0.59 0.56 0.63

tNis) ±0.12 ±0.37 ±0.31 ±0A.5 ±0.25 ±0.3

*Males and femnales are significantly different at p< .0.5.

SSignificantly different fromi pre value at p< .05

Valuies are means ±standardl deviation.
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